Objective: To increase the diagnostic power of scalp electroencephalography (EEG) by investigating whether lesion type and location influence the morphology of interictal epileptic discharges (IEDs) and the likelihood that IEDs and high-frequency oscillations (HFOs) are present. Methods: We studied EEG activity in epilepsy patients with lesional epilepsy. Lesions were classified by type and by location (region and depth). We marked a maximum of 50 IEDs during deep non-rapid eye movement sleep. IEDs were identified as spikes or sharp waves with or without slow waves, or bursts of spikes or sharp waves with or without slow waves. We analyzed HFOs in the studies showing at least 50 IEDs. Results: In 192 scalp EEG studies, the differences in the percentage of studies showing IEDs in each depth-related group were not statistically significant, whereas HFOs (55 studies) predominated in patients exhibiting superficial lesions (p<0.001). Sharp waves, as predominant pattern, were more prevalent in hippocampal abnormalities (p < 0.001), whereas bursts predominated in patients with malformations of cortical development (p < 0.001). Significance: The depth of the lesion does not influence the presence of IEDs, as one might expect, but it influences that of HFOs. This is explained as follows. HFOs are generated in the epileptogenic region, do not propagate, and hence are only visible on scalp EEG with superficial lesions. IEDs can result from a nearby focus or propagate from a deep generator and are therefore equally present with deep, intermediate, and superficial lesions. Additionally, IED morphology provides information in determining the lesion type.
Interictal epileptic discharges (IEDs) are usually but not always present in the scalp electroencephalogram (EEG) of patients with focal epilepsy. 1, 2 The reason for their absence has not been investigated systematically, although it is often stated that location is likely an important factor, 3 because signals from deep sources are usually not visible on the scalp. 4 High-frequency oscillations (HFOs) are an important biomarker of epileptogenicity. 5 They are usually seen with intracranial EEG electrodes but are difficult to detect with scalp EEG. [6] [7] [8] This may be explained by the small size of the HFO generators.
In this study, we investigated whether the location and type of epileptogenic lesions influence the likelihood that scalp IEDs and HFOs are present. Pillai et al. 1 suggested that spikes and sharp waves share the same clinical significance and found no reason to distinguish them. Nevertheless, we hypothesized that spikes (20-70 ms) are generated by sources closer to the brain surface, whereas sharp waves, having a longer duration (70-200 ms), are propagated signals originating from a remote focus.
Finally, characteristic scalp EEG patterns have been recognized in association with lesions, namely with some malformation of cortical development (MCD). 9 We also aimed to more definitively address whether specific EEG patterns are suggestive of a lesion type, in a study that included all lesional types seen in adult epilepsy centers. Studies dealing with one lesion type do not address the issue of specificity.
Methods

Subjects
Between September 2011 and August 2016, 642 patients were admitted in our EEG-telemetry unit. From this population, we selected patients with a diagnosis of lesional epilepsy. The diagnosis of lesional epilepsy was established based on review of all available clinical and paraclinical findings at the time of the study (clinical notes, video-EEG, and neuroimaging findings). 10 We excluded patients with unclear epileptogenic lesion (Fig. S1 ). All patients gave informed consent in agreement with the research ethics board of the hospital.
EEG recording, data selection, and event marking
Recordings were performed with the Harmonie system (Stellate, Montreal, Canada) with electrodes placed according to the 10-20 EEG system, with additional zygomatic and F9/F10, T9/T10, and P9/P10 electrodes and FCz as reference. The low-pass filter was set at 300 Hz and the sampling frequency at 1,000 Hz. We used the recording of the second night after admission. Typically, the whole night (7 PM to 8 AM) was recorded. EEG recordings were reviewed retrospectively and interpreted blindly.
We selected epochs of N2 and N3 sleep, in which artifacts are less prominent and pathological HFOs are more frequent. 11 First, the IEDs were marked in a bipolar montage using the EEG settings for clinical review. Starting at the first sleep cycle of the night, 11 we marked a maximum of 50 IEDs. Epochs within 2 hours before or after a seizure were excluded. We counted as one IED either: (1) a sharp wave (70-200 m) or sharp wave-slow wave complex (Fig. 1A) ; (2) a spike (duration = 20-70 m) or spike-slow wave complex (Fig. 1B) ; (3) repetitive transients defined as spikes, sharp waves, polysharp waves, or polyspikes, with or without slow waves (total duration < 0.5 s ; Fig. 1C) ; and (4) bursts of above-defined events but lasting >0.5 s ( Fig. 2A-C) . We defined oscillations as segments of bursts with a frequency > 10 Hz. Bursts were subclassified into the ones that had oscillations ( Fig. 2A,B ) and the ones that did not (Fig. 2C) . It is important not to confuse these oscillations with HFOs. The first ones are seen in the routine EEG setting, whereas the last ones are visualized with an 80-Hz high-pass filter. The predominant pattern was then defined as the most frequent IED type (as defined in 1, 2, 3, and 4 above) in each study. We excluded IEDs without side predominance, because they could not be correlated with one lesion in particular.
Subsequently, we analyzed HFOs in a subset of studies showing at least 50 IEDs, to increase the probability of finding HFOs, as these are infrequent and known to occur predominantly around IEDs. 6 Careful attention was first paid to reject any possible artifacts during the process of marking, mostly due to the partial overlap of the frequency band between muscle activity or other external disturbances and HFOs. 7 We excluded 11 studies due to low-amplitude artifact seen throughout the recording, preventing the marking of HFOs but not the identification of IEDs. Ripples (>80 and <200 Hz) occurring between 50 ms before the beginning and after the end of each IED (in the case of bursts, ripples were searched inside the bursts) were manually marked (Fig. 3) . We used the same methodology as the one employed in previous studies. 6, 7, 12 Because of the difficulty in marking scalp ripples, we considered that a study had to show at least four ripples to be considered to be a study showing ripples.
Lesion classification by type and location
Multisequential and multiplanar magnetic resonance imaging (MRI) of the brain were performed. Over the years of the cohort (2011-2016), MRI hardware was upgraded. Magnetic resonance images were acquired on a 1.5-T GE Signa EXCITE (General Electric, Milwaukee, WI, U.S.A.), 1.5-T Ingenia (Philips Healthcare, Best, the Netherlands), or 3.0-T Siemens Tim Trio (Siemens Medical Solutions, Erlangen, Germany). Lesions were classified by type: MCDs, hippocampal abnormalities (HAs), gliosis, neoplasias, and vascular malformations. Lesions were also classified by region: anterior frontal lobe (anterior to the precentral sulcus), anterior part of temporal lobe, central region (anterior and postcentral gyrus), and posterior
Key Points
• The depth of the lesion influences the likelihood of detecting ripples but, surprisingly, does not influence IED occurrence
• IEDs, equally likely to be visible in deep and superficial lesions, can be generated from a nearby focus or from a deep lesion, then propagate to the surface
• Predominant interictal patterns could provide useful information in the process of diagnosing the lesion type
• Sharp waves as predominant pattern are more prevalent in hippocampal abnormalities, whereas bursts predominate in MCDs quadrant (posterior part of the parietal and temporal lobes and the whole occipital lobe). 13 We also classified lesions according to their depth in the brain into three categories: superficial, lesions involving the neocortex adjacent to the skull including the bottom of the sulcus; deep, lesions involving the medial aspects of the frontal, parietal, occipital, and temporal lobes and temporooccipital basal regions; and intermediate, lesions found in regions not fitting the above two categories (Fig. S2) . In broad and destructive lesions (gliosis group, postsurgical lesions, and extended MCDs), we defined the depth of the lesion by its deepest point. An example is a patient whose MRI showed left frontoparietal atrophy with history of remote encephalitis. The deepest point of the lesion was inside the intermediate region. We excluded from the latter classification three patients with complex MCDs defined as nodular heterotopia plus schizencephaly or polymicrogyria, as these patients presented two lesions that involved more than one location.
Statistical analysis
We performed permutation tests in which the labels of the lesion type, depth, and region were randomly shuffled. The number of random permutations was 1 million for each test. The null hypothesis of the test is that the variable of interest (i.e., presence of IEDs or HFOs, or type of IED) is equally likely in all the groups being analyzed. We only report p values for the cases that were significant at a 5% level after correction for multiple comparisons using the Holm/Bonferroni method (four comparisons for tests involving lesion types, three for depths, and five for regions). Note that all the significant p values given below are very low and would withstand much stricter corrections, even considering that the total number of comparisons was 84.
Results
Subject characteristics
We believe our study population is representative of those seen at many epilepsy centers, among adult patients with focal epilepsy. 10 In the case of bilateral lesional epilepsy, we considered one such patient as two separate studies (one right and one left). We included 177 patients (mean age at study = 38.2 years, range = 18-71); 162 had a single lesion and 15 had two lesions/generators, leading to a total of 192 (162 + [2 9 15]) studies (Table S1 ). Among the Table 1 ). The depth of the lesions is detailed in Table 2 .
IEDs: effect of lesion type and location We found as predominant EEG pattern the following categories: spikes or spike-slow wave complex, sharp waves or sharp wave-slow wave complex, and bursts.
Role of lesion type
The HA group comprised 84 studies (57 mesial temporal sclerosis, 22 isolated atrophy, two malrotation of hippocampus, three enlarged amygdala that do not fit better into another category). Thirty-six percent (30 of 84 studies) presented no IEDs. Among the ones that did, 96.3% (52 of 54 studies) presented sharp waves as predominant pattern and 3.7% (two of 54 studies) presented bursts.
There were 51 studies with MCDs: 20 FCD, 13 nodular heterotopia, three complex MCDs, four laminar heterotopia, one hemimegalencephaly, five polymicrogyria, three tuberous sclerosis, and two hemispheric atrophy. Twenty-seven percent (11 of 51 studies) presented no IEDs. Among the 40 that did, 57.5% (23 of 40 studies) presented bursts as predominant pattern. Inside 74% of these bursts (17 of 23), oscillations were found. Sharp waves were the predominant pattern in 37.5% (15 of 40 studies; none was a superficial study) and spikes in 5% (two of 40).
The gliosis group comprised 34 studies (12 perinatal insult, 10 posttraumatic, three remote cerebral ischemia, two infection/inflammatory, two sequelae of infection, and five other). Thirty-eight percent (13 of 34 studies) presented no IEDs. Among the 21 studies that had IEDs, the most common predominant pattern was sharp waves (81%, 17 of 21 studies) followed by bursts (14.3%, three studies) and spikes (5%, one study).
The neoplasia group consisted of 14 studies (six mixed neuronal-glial, six glial, and two nonspecified). Half of the studies did not present IEDs and the other half presented sharp waves as predominant pattern. Finally, 66.6% of the vascular malformations (six of nine studies) did not present IEDs and the others presented sharp waves.
There was no statistically significant difference among lesion type-related groups in the percentage of studies showing no IEDs (HA, 36%; MCD, 27%; gliosis, 38%; cavernoma, 67%; neoplasia, 50%). In the studies that presented IEDs, sharp waves were the predominant pattern in all lesion types except MCDs. Only in the HA group was the predominance of sharp waves as a predominant pattern statistically significant (p < 0.001), whereas they were significantly less frequent in MCDs (p < 0.001). Conversely, bursts as a predominant pattern were significantly less frequent in HAs (p < 0.001), and more frequent in MCDs (p < 0.001) than in other lesion types (Fig. 4) .
There were 18 studies showing oscillations > 10 Hz ( Fig. 2A,B) . Only one such study presented a lesion other than MCD (gliosis). When we focus on the MCD group, oscillations were found inside 74% of the bursts ( Fig. 2A-C) . In contrast, the bursts seen in the hippocampal abnormalities consisted of polysharp waves and slow waves and never presented oscillations. Remarkably, no study in the HA group presented spikes as predominant pattern.
Role of location (superficial or deep)
We studied 149 deep lesions (84 HAs, 28 gliosis, 22 MCDs, 10 neoplasias, and five vascular malformations). Twenty-eight percent (53 of 149 studies) presented no IEDs. The most frequent predominant pattern was sharp waves at 85.4% (82 of 96 studies), followed by bursts at 13.5% (13 of 96), and spikes at 1.1% (one of 96).
The intermediate group comprised 13 studies (seven MCDs, five gliosis, and one vascular malformation). Three presented no IEDs (23%). The most frequent predominant pattern was sharp waves (70%, seven of 10 studies) followed by bursts (30%, three of 10 studies).
There were 27 superficial lesions (19 MCDs, four neoplasias, three vascular malformations, and one gliosis). Eleven studies (40%) did not present IEDs. Among the 16 studies that did, the most common predominant pattern was bursts (68.8%, 11 of 16 studies), followed by sharp waves (18.8%, three of 16) and spikes (12.5%, two of 16). In 192 studies, the differences in the percentage of studies showing IEDs in each depth-related group were not statistically significant (60% in superficial lesions, 77% in intermediate, 72% in deep; Fig. 4) .
Sharp waves were the predominant pattern in 82 of 96 deep lesions and in seven of 10 intermediate ones, whereas bursts were the predominant pattern in 11 of 16 superficial lesions. Although spikes were seen in 53 studies, spikes as predominant pattern were found only occasionally, in two of 16 superficial versus one of 96 deep lesions. In summary, sharp waves were statistically more frequent in deep lesions (p < 0.001), and less frequent in superficial lesions (p < 0.001). Conversely, bursts were less frequent in deep lesions (p < 0.001) and more frequent in superficial regions (p < 0.001; Fig. S3 ).
We made a second analysis excluding the lesions that did not have a very clearly defined depth (see Methods) and found similar results.
We noticed that, in concordance with the prevalence of different lesional epilepsy types in adult epilepsy centers, 10 the vast majority of deep lesions are HAs and the majority of superficial lesions are MCDs. To assess the possible influence of the lesion type on our depth analysis, we made additional analyses: (1) We compared predominant IED types in superficial lesions and other (intermediate+deep) lesions, but excluding HA lesions. In superficial lesions, there were sharp waves in three studies, spikes in two studies, and bursts in 11, whereas in the intermediate/deep group the numbers were respectively 38, 1, and 12; significant differences were found for the proportion of sharp waves (p < 0.001) and bursts (p < 0.001). (2) We did another analysis including only MCDs (superficial, intermediate, and deep), finding similar results. (3) We analyzed the predominant IED types in the deep lesional group, comparing the HA group to non-HA deep lesions. In the HA group, there were predominant sharp waves in 50 studies, spikes in none, and bursts in two, whereas in the non-HA group, the numbers were respectively 31, 1, and 9. Significant differences were found in the proportion of sharp waves (p < 0.001) and bursts (p < 0.001). We therefore concluded that the uneven distribution of lesions between deep and superficial locations did not influence our results regarding the influence of lesion depth.
Role of location (region)
We included only the lesions situated exclusively in one region. Lesions in 18 studies were located in the anterior frontal lobe (11 MCDs, four neoplasias, two gliosis, one vascular malformation); 50% presented no IEDs. Of the ones that did, 55.5% (five of nine studies) presented bursts as predominant pattern, 33.3% (three studies) sharp waves, and 22.2% (one study) spikes. From the 113 studies with lesions located in the anterior temporal lobe (84 HAs, 10 Predominant pattern according to lesion type. We found the vast majority of sharp waves in the hippocampal abnormality group, whereas bursts were suggestive of malformations of cortical development (MCDs). IED, interictal epileptic discharge. Epilepsia ILAE MCDs, nine neoplasias, four gliosis, six vascular malformations), 33.6% did not present IEDs (38 of 113 studies); 90.6% (68 of 75 studies) presented sharp waves as predominant pattern, 9.3% (seven of 75 studies) presented bursts, and none presented spikes. Finally, lesions in 13 studies were situated in the posterior quadrant (six gliosis, five MCDs, two vascular malformations); 38.4% (five studies) did not present IEDs. The most common predominant pattern was sharp waves (62.5%, five of eight studies), followed by bursts (n = 2) and spikes (n = 1; Fig. S4 ). No statistically significant difference was found in the proportion of studies showing IEDs. In the studies that did show IEDs, sharp waves were statistically more frequent in studies with lesions in the anterior temporal lobe than in other regions (p = 0.017).
HFOs
We included 58 studies in the HFO analysis; 55 fulfilled the original criterion of showing at least 50 IEDs. Two studies presented 45 IEDs and one 46 IEDs. Because they otherwise fit the inclusion criteria and the number of IEDs was very close to our original threshold of 50, we decided, before analyzing the results of the rest of the patients, to include these three studies.
Role of lesion type
Of 58 studies, 28 were MCDs, 19 hippocampal abnormalities, six gliosis, four neoplasias, and one vascular malformation. There were no statistically significant differences in the type of lesion that showed HFOs: 35.7% of MCDs (10 of 28), 21% of HAs (four of 19), 50% of gliosis (three of six), 50% of neoplasias (two of four), and 0% of vascular malformations (0 of 1). Fourteen studies showed four or more HFOs, a majority showing MCDs (12 studies, of which six were FCD), one HA, and one gliosis.
Role of location (superficial or deep)
Thirty-seven studies presented deep-seated lesions, seven intermediate, and 11 superficial. Only 5% of the deep lesions (two studies) showed HFOs, significantly lower than the other groups (p < 0.001). From the intermediate group, 14% (one study) presented HFOs, and 82% (nine studies) of the superficial lesions showed HFOs (p < 0.001). To verify whether our threshold of four or more HFOs was sensitive enough, we present also the results of the studies that presented one or more HFOs. Only 27% (10 of 37) of deep studies showed HFOs (p < 0.001), whereas 71% (five of seven) of intermediate studies, and 90% (10 of 11) of superficial studies did (p < 0.001).
In summary, the number of studies with deep lesions that showed HFOs was significantly lower than in the other two groups (p < 0.001). Conversely, the number of studies with superficial lesions that showed HFOs was higher than in the other groups (p < 0.001; Fig. 5 ).
Role of location (region)
We decided not to do this analysis due to the very uneven number of studies in each group (six anterior frontal, 31 anterior temporal, two posterior quadrant, and 0 central).
Discussion
Propagation of IEDs but not of HFOs
Contrary to expectations, we found that IEDs were not more likely to be absent in deep lesions than in superficial lesions. A possible explanation is that IEDs generated in deep lesions must frequently propagate to reach superficial regions and be visible on the scalp. From studies of simultaneous intracranial and scalp recordings, the existence of neural propagation of IEDs was confirmed. 3, 14, 15 For example, surface EEG does not record IEDs limited to mesial temporal lobe structures; propagation to lateral regions must occur. [16] [17] [18] We obtained opposite results for HFOs, which were more likely to be present in superficial lesions. We suggest that IEDs often propagate but HFOs do not. Possibly both are generated by independent networks, or two different groups of cells generate HFOs and IEDs. This hypothesis is supported by the following observations: (1) HFOs have a smaller spatial distribution than IEDs 6, 7, 19, 20 ; and (2) most HFOs start before IEDs start, 12 an observation also made in rats. 21 The vast majority of the studies showing more than four HFOs were MCDs. It has been proposed that HFO rates vary with different pathologies, and reflect different types of neuronal derangements, being higher in the case of FCD. 22 
Predominant interictal pattern
Again contrary to expectations, we found a difference between sharp waves and spikes regarding their association to lesion depth. Analyzing predominant interictal patterns, sharp waves correlate better with deep and intermediate lesions. Spikes, although infrequent as predominant pattern, are more common in superficial lesions. We arrived at the same conclusion when we did additional analyses that helped to resolve the possible ambiguities caused by the imbalance of the groups (deep lesions were mostly Has, whereas superficial lesions were mostly MCDs).
In a study with simultaneous intracranial and scalp recordings, the shortest delays between the onsets or between the peaks of IEDs in depth and surface recordings were associated with surface spikes, whereas longer latencies were associated with surface sharp waves. 4 In other words, sharper epileptiform activity is more common when recording from close to the neural generator. 23 By analogy with these intracranial studies, deep lesions could result in more sharp waves than spikes in comparison with superficial lesions, when looking at scalp EEG.
In our analysis by region, sharp waves were statistically more predominant in studies with lesions in the anterior temporal region than in other regions. We believe that this result can be explained by the high proportion of mesial temporal lobe cases (deep lesions) included, instead of by the region itself. We base our interpretation on the finding that there was no other difference between regions and that we did find differences in the predominant pattern among the depth groups.
Regarding lesion type, sharp waves were the predominant pattern in HAs (p < 0.001), whereas bursts were more predominant in MCDs (p < 0.001).
Our study compared the predominant interictal pattern in a broad range of MCDs to that in other lesion types. Our findings are in agreement with lesion-specific studies. Bursts with oscillations are highly suggestive of MCDs, and rhythmic IEDs on the scalp have been well described in patients with FCD. 24 Cortical tubers, which may be indistinguishable pathologically from FCD, 25 have shown in intracranial recordings rhythmic IEDs with similarities to the ones described in FCD type II, 26 but scalp patterns have not been described. In the case of nodular heterotopia, focal abnormalities frequently change into bilateral diffuse bursts of polyspikes during slow wave sleep. 27 These bursts can contain oscillations inside ( Fig. 2A,B) . Oscillations have been described in laminar heterotopia and bilateral frontoparietal polymycrogyria. 28 Pathologic oscillations, especially generalized events, have been associated with severe epileptic encephalopathy in children, such as infantile spasms and Lennox-Gastaut syndrome. 29 We think that these oscillations may represent a severe epileptic dysfunction and can be also seen as focal activity in adults. Rhythmic IEDs were also described in patients with posttraumatic gliosis or neoplasias. 30 In our series, the only patient with a lesion other than MCD who presented bursts with oscillations was a case of posttraumatic brain injury.
We found sharp waves as predominant pattern in 96.3% of the HA studies with IEDs, almost allowing exclusion of HA in the presence of other patterns, in concordance with a series of 64 mesial temporal lobe epilepsy patients who presented sharp waves. 31 
Conclusions
In scalp EEG, the depth of the lesion clearly influences the likelihood of detecting ripples but not IEDs. One interpretation of these results is that HFOs are only generated near the epileptogenic region, do not propagate, and are only visible on scalp EEG with superficial lesions, whereas IEDs, equally likely in deep and superficial lesions, can result from a nearby focus or from a deep lesion, in this case resulting from propagation. This provides an additional explanation for the high localization value of HFOs and relatively poor value of IEDs. 6 As predominant pattern, sharp waves correlate better with deep and intermediate lesions, whereas spikes, although very infrequent as a predominant pattern, are more common in superficial lesions. If HA is suspected as the cause of epilepsy and the predominant pattern is something other than sharp waves, the diagnosis may have to be reconsidered. Moreover, oscillations also make this diagnosis unlikely. Bursts including oscillations are suggestive of MCDs irrespective of their location. Advanced imaging studies should be considered in such a situation. These findings are likely to be useful in cases of epilepsy without a visible lesion or with an unclear lesion.
Limitations
The location, area, and orientation of an EEG-generating source, as well as the relative synchrony of activity across the source, are the chief factors that determine whether the resultant potential will be apparent on scalp EEG. 32 We did not include the area nor the orientation in our analysis, because we had no way of estimating them. Most cortical IEDs with small extent on the cortex (4-10 cm 2 ) do not produce a recognizable scalp EEG potential. 8, 33 We believe that the spatial extent of a source cannot be estimated from the extent of the MRI lesion. In addition, MRI typically underestimates the extent of the pathology, which tends to be larger in histological investigations. 34, 35 Epilepsia, 58 (12) [36] [37] [38] [39] A study with a high number of subjects showed that there was no significant difference between subjects with and without IEDs on routine EEG on the following variables: days since last seizure, seizure frequency, and age at time of EEG. However, those with IEDs had a significantly longer epilepsy duration than those who did not. 40 In our analysis, we did not include the epilepsy duration, as we wanted to concentrate on location and lesion type, but we cannot exclude that this could influence our results. 
Supporting Information
Additional Supporting Information may be found in the online version of this article: Figure S1 . Inclusion and exclusion criteria. We selected all lesional epilepsy patients. Then, we excluded a few either because of artifacts or for lack of a long enough interictal sample. The bilateral lesional epilepsy patients were analyzed separately (right and left).
a Isolated hippocampal gliosis, arachnoid cyst, epidermal cyst, epidermoid cyst, sequelae of radiotherapy, previous surgery without remaining lesion other than gliosis, hypothalamic hamartoma as only lesion, and one case of possible paraneoplastic encephalitis with uncertain diagnosis.
b They presented more than three seizures during the evaluation night, and we considered that the interictal sample was not long enough. Figure S2 . Classification of the studies according to depth of the lesion. (A, B) Schematic T 2 -weighted axial, (C, D) T 1 -weight parasagittal magnetic resonance images showing the regions considered deep (blue) and superficial (yellow). The regions not marked were considered intermediate. Figure S3 . Predominant pattern according to the depth of the lesion. Figure S4 . Predominant pattern according to the location (region) of the lesion. Table S1 . Electroclinical data of all 192 patients.
